Saturated sphingomyelin (SM) lipids are implicated in lipid rafts in cell plasma membranes. Here we use fluorescence microscopy to observe coexisting liquid domains in vesicles containing SM, an unsaturated phosphatidylcholine lipid (either DOPC or POPC), and cholesterol. We note similar phase behavior in a model membrane mixture without SM (DOPC=DPPC=Chol), but find no micron-scale liquid domains in membranes of POPC=PSM=Chol. We delineate the onset of solid phases below the miscibility transition temperature, and detail indirect evidence for a three-phase coexistence of one solid and two liquid phases. DOI: 10.1103/PhysRevLett.94.148101 PACS numbers: 87.16.Dg, 64.70.Ja, 81.30.Dz Coexisting liquid domains in vesicles are studied as models of lipid rafts, which are small (<100 nm) inhomogeneous regions of lipids and membrane-bound proteins found in cell plasma membranes [1] . Rafts are associated with membrane signaling pathways and have recently generated intense interest in the cell biology and membrane biophysics communities.
Saturated sphingomyelin (SM) lipids are implicated in lipid rafts in cell plasma membranes. Here we use fluorescence microscopy to observe coexisting liquid domains in vesicles containing SM, an unsaturated phosphatidylcholine lipid (either DOPC or POPC), and cholesterol. We note similar phase behavior in a model membrane mixture without SM (DOPC=DPPC=Chol), but find no micron-scale liquid domains in membranes of POPC=PSM=Chol. We delineate the onset of solid phases below the miscibility transition temperature, and detail indirect evidence for a three-phase coexistence of one solid and two liquid phases. DOI Coexisting liquid domains in vesicles are studied as models of lipid rafts, which are small (<100 nm) inhomogeneous regions of lipids and membrane-bound proteins found in cell plasma membranes [1] . Rafts are associated with membrane signaling pathways and have recently generated intense interest in the cell biology and membrane biophysics communities.
Viewed in bilayer membranes by fluorescence microscopy, many ternary mixtures of saturated lipids, unsaturated lipids, and cholesterol produce coexisting liquidordered (L 0 ) and liquid-crystalline (L ) phases below a miscibility transition temperature T mix [2, 3] . Phase separation is recorded by other methods, although domain sizes [4] and transition temperatures [5] can differ. The rich phase behavior of model systems demonstrates the complexity of ''simple'' ternary membranes.
It is argued that sphingomyelin (SM) is uniquely suited as the saturated component of model membranes because it is capable of hydrogen bonding with the 3-OH group of cholesterol through its ester linkage (as in phospholipids), and also through its amine and hydroxyl groups [6, 7] . Moreover, SM is found in the plasma membrane outer leaflet of many cell types [5] . Similarly, the asymmetric phosphatidylcholine lipid (PC) of POPC (16:0-18:1PC) is noted for its relevance as a major component of lipids extracted from biological sources (e.g., egg PC [8] ).
Here we use fluorescence microscopy to investigate miscibility phase boundaries and transition temperatures for membranes containing palmitoyl SM (PSM; 16:0SM) and cholesterol (Chol) mixed with either POPC or DOPC (18:1-18:1PC). Liquid phases have been seen previously for specific mixtures of SM, PC, and cholesterol (e.g., [2, 3, 7] ). Our goal here is to map ternary phase diagrams and ascertain whether sphingomyelin lipids differ significantly from saturated PC lipids in their miscibility phase boundaries and transition temperatures.
Liquid-liquid coexistence.-Giant unilamellar vesicles (GUVs) [9] containing ternary mixtures of an unsaturated PC (either DOPC or POPC), PSM, and cholesterol separate into coexisting liquid phases as temperature is lowered through the miscibility transition, T mix (Fig. 1) . Liquid domains in vesicles containing PSM behave identically to domains in vesicles containing DPPC (16:0-16:0PC): they are circular, diffuse freely, have fluctuating domain boundaries, and coalesce upon collision to form larger circular domains [3] . After temperature is lowered below T mix (1-30 min), vesicles completely phase separate into one bright and one dark region. In select cases, stable and dispersed domains are observed as a result of domain curvature [3, 10] . We find that vesicles both with and without visible domain curvature have equivalent miscibility transition temperatures within error.
We find that miscibility phase boundaries for vesicles containing PSM have the same general features we have FIG. 1. Giant vesicles of DOPC=PSM=Chol at 25 C. Vesicles are imaged before domains fully coalesce, and compositions are mole fractions. By examining the fraction of bright and dark phases in vesicles, we estimate that the dark liquid phase is rich in PSM and Chol, while the bright liquid phase is rich in DOPC [3] . The same trend is evident in POPC=PSM=Chol (not shown). Scale bars are 20 m.
described previously in ternary membranes containing DOPC, DPPC, and cholesterol ( Fig. 2) [3] . PSM closely resembles DPPC in chain length (16:0), headgroup structure (choline), and main chain transition temperature. Indeed, miscibility phase boundaries have the same overall shape, coexisting phases have similar lipid compositions, and miscibility transitions are accessible over a similar range of compositions and temperatures. Domain ripening and curvature are common to both systems. As with membranes containing DPPC, all values of T mix in membranes with PSM are lower than the temperature at which solid domains are first observed in membranes containing only saturated lipid and fluorescent probe (51 C) [11] . In membranes containing PSM, miscibility transition temperatures are higher and maximum values for T mix are shifted to greater DOPC fraction. In all cases, the dark liquid phase is rich in PSM and cholesterol, and the bright liquid phase is rich in unsaturated lipid. Fig. 2(c) ].
The contrast in phase diagrams of vesicles containing DOPC versus POPC is interesting because most biophysical studies of liquid-liquid phase coexistence in vesicles use DOPC as the unsaturated lipid [2, 7] . DOPC has two unsaturated chains which contribute to its large molecular area (70 A 2 [12] ) and low chain melting temperature (ÿ 20 C [8] ). POPC contains one saturated and one unsaturated chain and is a more biologically relevant lipid. We find the largest differences between saturated SM and PC lipids when they are in the presence of the asymmetric unsaturated PC lipid POPC. concentrations ( 5% < Chol% < 30%) at temperatures below the miscibility transition [ Figs. 1(e) and 1(f)] [13] .
Solid phases and evidence for
Transitions from liquid-liquid coexistence to solidliquid coexistence appear by lowering either temperature (Fig. 3) or cholesterol concentration (Fig. 4) . Strictly, thermodynamic rules stipulate that these coexistence regions should be separated by either a single liquid phase or by a region of one solid and two liquids (S 0 -L 0 -L ). We do not observe a one-phase region, and therefore conclude that three coexisting phases are likely present in our membrane over some range of compositions and temperatures, even though they are not directly observed by fluorescence microscopy. The concept of a three-phase triangle has been invoked in recent experimental and theoretical descriptions of liquid immiscibility below the chain melting temperature (T m ) of the saturated component [14, 15] . It is compelling to draw the boundary between the liquid-liquid and solid-liquid coexistence as a line representing the L 0 -L edge of a three-phase triangle [as in Fig. 5(a) ]. This would imply that our method distinguishes S 0 and L phases, but not S 0 and L 0 .
Interestingly, we (and others) do not directly observe large-scale S 0 or L 0 domains in binary mixtures of saturated lipids and cholesterol by fluorescence microscopy ( Fig. 2 and [3,16] ). Alternate experimental methods such as differential scanning calorimetry and NMR provide evidence for both L 0 -L coexistence above T m of the saturated lipid and S 0 -L 0 coexistence below T m in an extended region between 8% and 20%-30% cholesterol [17] [18] [19] [20] . Small ( 50 nm) domains in binary membranes are well characterized in the L 0 -L coexistence region by 2 H NMR [17, 19] , and 13 C NMR measurements are consistent with small ( 1 m) domains in membranes with coexisting S 0 and L 0 phases [20] .
Our microscopy measurements may fail to distinguish S 0 and L 0 phases either because the probe partitions equally in the two phases or because domains are smaller than 1 m. In light of 13 C NMR results [20] , we conclude coexisting S 0 and L 0 domains are small. We do not know the physical process that limits domain size and it is not entirely clear that these small domains should be considered a separate thermodynamic phase.
Comparison to recent literature.-Questions regarding domain size in membranes containing cholesterol are perennial (e.g., [19] ). Some groups have incorporated data sensitive to small structure into phase diagrams [5] . One such diagram for the ternary mixture POPC=PSM=Chol is reproduced in Fig. 5(b) [15] .
We find that this published phase diagram does not fit our data well. For example, the location of the three-phase region differs, we observe liquid-liquid coexistence to lower PSM fractions, and we find uniform membranes at high POPC fractions. Some discrepancies may be due to the use of 4% quencher lipid in the published system [15] . Impurities have been shown to alter the location of phase boundaries in some classical bulk mixtures with liquidliquid coexistence, especially in the vicinity of a critical point [21] . Differences due to vesicle type (multilamellar versus unilamellar) are probably not significant [4] . We observe reversible transitions, so differences in heating versus cooling are also probably not significant. [15] . Our experiments do not exclude more complicated phase diagrams, including diagrams with additional two-and three-phase regions.
A separate experiment has reported FRET (fluorescence resonance energy transfer) evidence for >10 nm organization in similar membranes with compositions outside the miscibility transition boundary we observe by fluorescence microscopy [5] . Different fluorescent probes are used in the FRET and fluorescence microscopy experiments, although the same small probe concentration is used in both (0.8 mol%). An alternate explanation is that FRET experiments detect a different type of lipid ordering, one that involves nanoscale domains. We are currently conducting NMR measurements to further examine the phase behavior of ternary lipid mixtures. NMR is well suited for studying lipid organization because it does not require probe molecules, and it is sensitive to both small-scale (100 nm) and large-scale (100 nm) structure [4] .
Our results emphasize the need to understand small versus large-scale lipid organization in simple ternary mixtures, and to study the same mixture using a variety of methods. It also highlights a lack of knowledge in the field about exactly which physical properties govern domain size in vesicles. The distinction between nanometer and micron-scale domains is both physically intriguing and biologically relevant. Several recent biological models suggest that small (10 nm) raft domains can organize into larger patches (1 m) in response to cell signals [22] . It is tempting to think that the same physical principles are at work in both model and biological membranes.
In summary, we present miscibility phase diagrams for membranes containing sphingomyelin (DOPC=PSM=Chol and POPC=PSM=Chol) and show that they are similar for mixtures containing phosphatidylcholine (DOPC=DPPC=Chol). In addition, we map solid-liquid coexistence at temperatures below the miscibility transition, and find indirect evidence for three-phase coexistence of S 0 , L 0 , and L phases. We find only subtle differences between phase diagrams for DOPC=PSM=Chol and DOPC=DPPC=Chol, but significant differences between membranes of POPC=PSM=Chol and POPC=DPPC=Chol.
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